Different Patterns of Polyadenylation of Rhinovirus :Specified RNA During Multiplication in Human Aneuploid and Diploid Cells
(Accepted 20 October I975) SUMMARY The polyadenylation of rhinovirus-specified RNA in aneuploid HeLa cells and diploid human embryo lung (HEL) cells has been investigated. Polyadenylation occurs at a faster rate and more extensively to virus-specified RNA in infected HEL cells compared with HeLa cells. Poly(A) is added post-transcriptively in both cell types. Furthermore the addition of adenosine or poly(A) during virus multiplication increases the polyadenylation of virus single-stranded RNAs in both cell types, but to a greater extent in HeLa cells.
Rhinovirus type 2 is a picornavirus which multiplies with similar characteristics in both human diploid HEL cells and aneuploid HeLa cells. The rate of virus multiplication, the species of RNA found in infected cells, the virus yield and the time at which a virus c.p.e. is shown, are very similar in the two cell systems (Koliais, I973) . In this paper we report an investigation into the polyadenylation of rhinovirus-specified RNA in HeLa and HEL cells.
Polyadenylic acid [poly(A)] sequences have been observed in the mRNAs of a number of picornaviruses including poliovirus (Armstrong et al. 1972; Yogo & Wimmer, I972; Spector & Baltimore, I975) , mengovirus (Miller & Plagemann, 1972) and rhinovirus (Nair & Owens, I974; Macnaughton & Dimmock, I975). Spector & Baltimore (1974) have shown that the presence of poly(A) sequences on the poliovirus mRNA is required for infectivity, but the available evidence concerning the mechanism of this polyadenylation is conflicting. Polyuridylic acid [poly(U)] has been found in poliovirus-specified replicative RNA structures in the strand complementary to the message at or near the 5'-terminus (Yogo, Teng & Wimmer, I974; Yogo & Wimmer, I975) . As the poly(A) tract of the poliovirus mRNA is at the 3'-terminus (Yogo & Wimmer, I972) , this raises the possibility of at least partial polyadenylation by transcription. However there appears to be some mechanism in poliovirus-infected cells able to regenerate a normal poly(A) sequence on to poliovirus RNA containing truncated poly(A) (Spector & Baltimore, I974) .
Monolayers of HeLa cells and diploid human embryo lung (HEL) cells of the MRC 5 line were grown in Eagle's medium supplemented with IO % calf serum, o.1% sodium bicarbonate and antibiotics. The cells were infected with rhinovirus type 2 at o.I p.f.u./cell.
[aH]-labelled and unlabelled infectious virus were prepared from these cells as previously described (Koliais & Dimmock, 1973) . [~2p].labelled infectious virus was prepared from HeLa cells as described elsewhere (Macnaughton & Dimmock, I975) .
The method for the preparation of radioactive rhinovirus-specified RNAs was essentially that of Koliais & Dirnmock 0973) . Monolayers of about 5 x Io 7 cells were infected with Io p.f.u.]cell of virus at 33 °C. After I h the virus was removed, replaced with medium containing a % serum and I #g/ml actinomycin D. Where pH]-labelled virus-specified RNA species were required, 2oo/zCi pH]-uridine (sp. act. 24 Ci/mmol; Radiochemical Centre, Amersham) were added after incubation for the required time. In certain experiments 500 #g/ml adenosine or 50o #g/ml poly (A) were present throughout infection.
[a2P]-labelled virus-specified RNA species were obtained by incubating the infected cells throughout Three types of rhinovirus-specified RNA species have been characterized by Koliais & Dimmock (I973) . These are the multi-stranded replicative intermediate (RI), the doublestranded replicative form (RF) and the single-stranded (SS) RNA. Columns of oligo(dT)-cellulose were used to isolate RNA species containing covalently attached poly(A) sequences. This procedure has already been described (Macnaughton & Dimmock, I975) and the RNAs could be bound and then recovered in Ioo % yidds. Table I shows the percentage of virus RNA species from virus particles and rhinovirus-infected HeLa and HEL cells binding to oligo(dT)-cellulose. RNA extracted from virus particles obtained from HEL and HeLa cells bind almost equally, 70 and 69 % respectively, to oligo(dT)-cellulose.
Short communications
RNA extracted from infected HEL cells and separated on cellulose CF I I columns into RI+RF and SS RNA (Macnaughton & Dimmock, I975) , was passed through oligo(dT)-cellulose columns. The proportion of RI + RF which bound was 68 % and of SS RNA was 59 % (Table 0 The RNA species which failed to bind to oligo(dT)-cellulose were analysed further to determine firstly that they were virus RNAs and secondly that they lacked poly(A) segments. SS RNAs and RI + RF species that did not bind to oligo(dT)-cellulose were electrophoresed on polyacrylamide gels and were found to migrate in a manner identical with the species that bound to otigo(dT)-cellulose. Since the poly(A) segment in rhinovirus SS RNA comprises approx, o/ ~-2/o of the total nucleotides (Macnaughton & Dimmock, ~975), polyacrylamide gel electrophoresis would not be expected to distinguish between polyadenylated and non-polyadenylated virus RNAs. This was determined by hybridizing [a2P]-labelled virus RNA to unlabelled poly(U). Samples of [a~P]-labelled RNA were annealed with a large excess of unlabelled poly(U) by incubation in 3×SSC, o-oi M-tris-HC1, 50% formamide, pH 7"2, for 4oh at 36 °C. SSC is o'I5 M-NaC1, o'or5 M-sodium citrate (pH 7"o). At the end of the annealing I25 #g pancreatic RNase was added and the sample was incubated for I h at 30 °C. TCA precipitation and assay of radioactivity was as previously described (Koliais & Dimmock, ~973)-The RNase resistant radioactivity is that proportion of the RNA hybridizing to poly(U) and thus consists of poly(A). This figure can be used to determine the percentage poly(A) in any particular RNA. For a typical experiment with [a2P]-labelled virus RNAs from infected HeLa cells, RNA extracted from virus particles contains about I-z % poly(A) whilst SS RNA binding to oligo(dT)-cellulose columns contains about i. i % poly(A). However, SS RNA not binding to oligo(dT)-cellulose columns contains o.1% poly(A). This result indicates either, that a few molecules of SS RNA not binding to oligo(dT)-cellulose are polyadenylated to the same extent as SS RNAs that bind to oligo(dT)-cellulose but in some way these molecules are unable to bind to the column or that the SS RNAs not binding to the column contain very short poly(A) sequences that are unable to bind to oligo (dT)-cellulose. The second possibility is more likely as repeated passage of SS RNAs through oligo(dT)-cellulose columns did not result in an increase in the proportion of the binding SS RNA.
In the following experiments the relative amounts of poly(A) present in the newly synthesized SS RNA in infected HeLa and HEL cells was determined. RNA was extracted at 8 h post-infection after labelling with [SH]-uridine for the preceding zo, 4o, 6o and I2O min. The SS RNA from each pulse was separated by two passages through cellulose CF 1I columns, then eluted through otigo(dT)-cellulose columns. The proportion of the RNA species from each pulse binding to the oligo(dT)-cellulose columns was calculated. The results of a typical experiment with HeLa and HEL cells is shown in Table 2 .
The proportion of the poly(A)-containing RNA in SS RNA from infected HeLa cells increased from z to 2I % during pulse labelling of 2o to i2o min. There was some variation in different experiments in the proportion of poly(A)-containing RNA at any particular pulse time, but the same relative increase in poly(A)-containing RNAs was always observed. Similar results were obtained with virus SS RNA extracted from pulse-labelled infected HEL cells, except that at any pulse time the proportion of the SS RNA binding to oligo (dT)-cellulose was significantly higher than for RNA from infected HeLa cells. The
proportion ofpoly(A)-containing RNA in SS RNA from infected HEL cells increased during pulse-labelling of 2o to I2O rain from 49 to 61%.
The possibility that the extent of polyadenylation of virus SS RNA grown in infected HeLa and HEL cells might be increased by exogenous adenosine or poly(A) was investigated by infecting and incubating cells in the presence of adenosine or 50o #g]ml poIy(A). The infected cells were labelled with [3H]-uridine 6 to 8 h post-infection. Purified virus SS RNA was assayed for polyadenylation using oligo(dT)-cellulose chromatography.
In a typical experiment the percentage binding to oligo (dT)-cellulose of virus SS RNA from HeLa cells infected in the presence of adenosine or poly(A) increased from 9 % to 34 and 35 % respectively, whilst the binding of virus SS RNA from HeLa cells infected in the presence of poly(A) increased from 6o to 74 %. Control experiments in which uninfected HeLa and HEL cells were incubated with adenosine or poly(A) showed that there was no detectable polyadenylation of rRNA as judged by oligo(dT)-cellulose chromatography.
In this paper we have shown a major difference between rhinovirus RNA replication in HeLa and HEL cells, namely that the polyadenylation of virus RNA occurs much more slowly in infected HeLa cells than in infected HEL cells even though the growth of the virus is the same in HeLa and HEL cells (Koliais, 1973) . It is possible that HeLa cells are deficient in precursors for polyadenylation and this interpretation is consistent with the increased polyadenylation observed with added adenosine and poly(A). Nevertheless, the effect observed with poly(A) is surprising since it is reported that poly(A) enters cells inefficiently (Schell, 1971 ) and one might not therefore expect the poly(A) to merely be increasing the pool of intracellular adenosine. Further experiments are in progress to clarify this point.
We have also shown that the polyadenylation of SS RNA species occurs posttranscriptively. In HEL cells SS RNAs are polyadenylated during or soon after their synthesis and in HeLa cells the polyadenylation of SS RNAs occurs several hours after their synthesis. The polyadenylation of poliovirus mRNA has recently been shown to occur by a similar process (Spector & Baltimore, 1975) .
Despite the difference in polyadenylation of virus RNA in HeLa and HEL ceils, RNA obtained from virus particles from either cell type is equally polyadenylated (Table I) . We have as yet no data on the rates of encapsidation of SS RNA in HeLa and HEL cells but it would appear that polyadenylation of the virus RNA could be the rate limiting step for this process in HeLa cells. However, we do have unpublished results indicating that even though there is an increase in the polyadenylation of virus RNAs after incubation of infected HeLa cells with poly(A), there is apparently little or no increase in the amount of infectious virus produced.
